In this study, the practical usefulness and fundamental applicability of a self-potential (SP) method for identifying the hydraulically-active fractures were evaluated by a comparison of SP methods with other geophysical logging methods and hydraulic tests. Potentially permeable fractures intersecting a shallow, 10-m borehole were first identified using conventional geophysical methods such as acoustic borehole televiewer imaging and temperature, electrical conductivity and gamma-gamma logs. These results were then compared to results of analysis using the SP method. Constant pressure injection and recovery tests were conducted for verification of the hydraulic properties of the fractures identified by various logging methods. The acoustic borehole televiewer and gamma-gamma logs detected the openings or weathering zones associated with fractures intersecting the borehole, but they could not prove that groundwater was flowing through the detected fractures. The temperature and fluid-column electrical conductivity logs were unable to detect the fractured zones where groundwater in the borehole flows out to the surrounding rock aquifers. Comparison of results from the different methods tested showed that the most effective correlation between logs and the distribution of hydraulic conductivity was given by the SP signals, and that SP logging can accurately indicate the location of hydraulically-active permeable fractures. Based on these results, the SP method is recommended for determining the location of hydraulically-active fractures rather than other conventional geophysical logs. This self-potential method can be effectively applied in the initial stage of a site investigation to select the optimal site location or to evaluate the hydrogeological properties of fractures in underground exploration studies, such as those related geothermal reservoir evaluation and radioactive waste disposal.
INTRODUCTION
Fractured rock aquifers are currently regarded as of particular interest and an important issue because of their usefulness related to underground water supply, energy storage, and radioactive waste disposal. They are generally characterised by strong heterogeneity due to the inherently large contrasts in hydraulic properties between the highly permeable fractures and the surrounding rock matrix of generally negligible permeability. The sustainable use of groundwater in fractured rock aquifers requires a detailed knowledge of their hydraulic properties, which makes the detection and hydraulic characterisation of permeable fractures an ever more important task (Lemieux et al., 2006) .
There are many conventional geophysical methods for the detection of individual fractures in situ, such as temperature, calliper, gamma-gamma and fluid electrical conductivity logs (Tittman, 1965; Malcolm, 1984; Hearst et al., 2000) . However, these borehole-logging methods, which are generally used for identifying a relatively large-scale open fractured or weathered zone, have limitations for identifying the small-scale permeable fractures serving as pathways for groundwater flow. The acoustic borehole televiewer, a more visually-advanced logging technique, provides high-resolution images of the location and dip of fractures within a borehole (Keys, 1990) , but still cannot provide any information with regard to the hydraulic activity of the fractures.
The limitation of traditional logging methods in determining the hydraulic properties of fractures can be potentially improved by self-potential (SP) measurements that are closely related to the movement of fluids within fractures (Ogilvy et al., 2969; Rozycki et al., 2006) . Self-potential (SP) measurements have long been used to detect the presence of leakage through dams and dikes that pose a potential hazard to these structures (Al-Saigh et al., 1994; Panthulu et al., 2001; Song et al., 2005; Rozycki et al., 2006; Moore et al., 2011) , to characterise geothermal resources (Anderson and Johnson, 1973; Corwin and Hoover, 1979; Ishido and Pritchett, 1999) , to determine hydraulic properties of the shallow subsurface (Rizzo et al., 2004) and to evaluate groundwater movement and flow paths (Schiavone and Quarto, 1984; Fournier, 1989; Jardani et al., 2006) .
A special advantage of a self-potential technique in fractured rock aquifers is that it is directly sensitive to the inflow or outflow through fractures and can respond to very weak fluid movements. Thus, the self-potential measurement has been considered an effective alternative to detect and characterise hydraulically-active fractures (Hunt and Worthington, 2000; Sharma and Baranwal, 2005; Suski et al., 2008) . However, there are limited studies demonstrating the practical application of the self-potential method to precise characterisation of smallscale permeable fractures that have been verified by direct comparison with hydraulic tests.
The aim of this study is to evaluate the effectiveness and applicability of the self-potential method for detecting and characterising the hydraulically-active fractures at a shallow borehole in fractured rock aquifers. The SP measurements are compared to conventional geophysical well-logging methods such as acoustic borehole televiewer, temperature, fluid electrical conductivity, and gamma-gamma logs obtained from the same borehole. The observed fractures showed quite a difference in their number and location among the various conventional geophysical methods. Then, the hydraulic tests, including constant pressure injection and recovery tests, were conducted in several packed-off intervals along the borehole and were used to verify the hydraulic properties of fractures identified by geophysical loggings.
STUDY AREA
The test borehole is located in the URT (Underground Research Tunnel) built at a mountainous area, Daejeon city, Korea (Fig. 1) . URT is a small-scale underground research facility for the validation of the Korean reference HLW disposal system. The utilisation of radioactive material in URT is not allowed. URT has a total length of 255 m with a 180 m long access tunnel and 2 research modules with a total length of 75 m. The maximum depth of the tunnel is 90-100 m from the peak of a mountain located above the site. A downward tunnel slope of 10% was applied to achieve the required minimum depth for the URL. Biotite and schistose granite are the major rock types of URT and andesite dikes are encountered in some locations. Figure 1 shows the layout of URT and its installed boreholes. Heterogeneous gravel and silty-sand compose the first layer of the fractured rocks at the test site, which extends from the tunnel floor to a depth of 0.3 m. Under the mixed layer, the hard rock is continuously distributed down to 250 m. Several boreholes 10 ~ 30 m in depth were previously installed for the heater/migration tests, excavation damaged zone characterisation, and hydrogeological/geochemical evaluation. A 10 m shallow borehole named HM-2 was vertically drilled at the end of research module I to investigate the thermal-hydrologicalmechanical behaviour characteristics and the field applicability of an engineered barrier system, which was used for this study. The borehole was not screened, and its diameters were 0.076 m in the section from 0 to 9 m depth below the top of the casing (TOC) and 0.06 m in the remainder. The HM-2 borehole was an artesian well and its static water level was approximately 2 m above the tunnel floor.
GEOPHYSICAL LOGGING METHODS AND HYDRAULIC TEST PROCEDURES

Conventional geophysical loggings
First, geophysical logs such as acoustic borehole televiewer (BHTV), temperature, electrical conductivity, and gammagamma logs were run to identify the fractures crossing the HM-2 borehole. In BHTV logging, the acoustic image of the borehole wall is produced by transmitting and receiving highfrequency acoustic pulses from a rotating transducer. The amplitude and travel time of the reflected acoustic signal are measured as separate images. BHTV log images provide information on the location, strike and dip of the fractures within a borehole (Keys, 1990; Williams and Johnson, 2004) . Because the BHTV is not affected by the clarity of the borehole water, it can be used even in a borehole that contains muddy water and has unclean walls. The gamma-gamma logging tool consists of a radioactive source and gamma ray detector. After the emitted gamma rays from a source are attenuated and scattered in the borehole and surrounding rocks, the detector measures the intensity of the back-scattered gamma rays, which is used to estimate the density of geologic formation surrounding the borehole (Tittman and Whal, 1965) . The location of fractured zones is indicated wherever the density log indicates small cavities of borehole wall or the presence of weathered rock. The gamma-gamma logging can only be applied in an open borehole because the presence of casing and cement would prevent contact with the rock itself. 
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The temperature and fluid-column electrical conductivity (EC) logging that can provide information on the movement of groundwater through the borehole was performed to estimate the permeable fractures. Temperature can identify the location of fractures crossing the borehole. In boreholes with no vertical flow, the temperature of the borehole water generally increases with depth, as a function of the geothermal gradient in the surrounding rocks. However, if the borehole meets a waterconductive or fractured zone, the temperature can suddenly depart from the steady geothermal gradient. In this study, the temperature of the groundwater was logged along the HM-2 borehole, and the location of the rock fractures was identified by checking the temperature differential log (temperature differences between adjacent measurement stations). The electrical conductivity logging related to the dissolved-solids concentration of water can also be used to detect a permeable fracture or fractured zones, because fluid conductivity may change abruptly at the locations where water is flowing into the borehole (Williams and Conger, 1990) . In our experiment, the abrupt changes in electrical conductivity along the HM-2 borehole were also used to identify permeable fractures.
Self-potential method
Self-potential (SP) logging is a passive-type geophysical method. This method uses variations of a naturally-occurring potential-field distributed in the subsurface. The processes that create the potentials are mainly electrochemical reactions and electokinetics due to the motion of underground electrolytic fluid through a saturated porous medium (Ishido and Mizutani, 1981; Pride, 1994; Revil et al., 1999 Revil et al., , 2003 . When groundwater flows through a porous medium, the drag of the excess charge found in the vicinity of the water-mineral interface can produce an electrical potential called the streaming potential (Sill, 1983; Birch, 1998; Doussan et al., 2002) . In a water-filled well, the streaming potential may be observed at locations where water is moving into or out of the borehole. These permeable locations are typically indicated by abrupt variations of SP signal in an otherwise smooth curve. In this study, we measured the variation of the self-potential signal along the vertical extent of the HM-2 borehole, and we used this data to determine the presence of hydraulically-active fractures.
The field equipment used for SP measurements is simple to run and inexpensive. The equipment consists of a traveling electrode in the borehole connected to a reference electrode and a laptop computer connected to a multivolt meter for obtaining and storing the SP signal. The reference electrode is installed outside of the test borehole where the SP values are expected to remain steady. The traveling electrode is usually inserted in a probe that performs other geophysical measurements on the same logging run. When the traveling electrode moves vertically along the borehole, potential changes in the millivolt range are recorded and displayed graphically. An anomaly in an SP signal can be associated with temperature, quantity of clay present, man-made structures such as steel casing, and the electrochemical property of the water as well as the subsurface water movement. Therefore, great care should be taken in acquiring and interpreting the SP data by considering the abovementioned factors along with potential sources of artificial noise.
Constant pressure injection and recovery test
Constant pressure injection and recovery tests were conducted at the HM-2 borehole using a double packer system composed of hydraulically inflated rubber packers. In this study, constant injection pressures were applied into each test section and the flow rates were recorded for estimating the hydraulic conductivity (K), which was used to evaluate the hydraulic activity of the fractures located in the test zone. A schematic view of the experimental setup using a double packer is shown in Fig. 2 . Test intervals were divided into 3 sections below the steel The pressure in the test interval was instantaneously increased from the initial pressure to the assigned pressure by first injecting pressurised water using a constant pressure injection pump, and then keeping the increased pressure constant. The outflow rate was greatest in the beginning and gradually converged to a certain steady value, which was measured using a flow meter and pressure gauge. Calculation of the hydraulic properties of a rock mass from the results of the injection tests are generally based on the steady-state flow rates. Because it may take several hours to fully establish a steady-state flow, it can be necessary to curtail the tests before reaching the steady-state flow conditions (normally about 1 h) in order to speed up the accumulation of hydraulic data. In this study, the flow rate recorded after 1 h was generally higher than the steady-state flow rate, but not significantly. The outflow rate was measured every 5 s when the elapsed time was less than 1 h. After the elapsed time of 1 h, it was measured every 30 min. In each case the hydraulic head was measured every 3 s during the entire test.
The Moye model was used to analyse the constant pressure injection tests.
( 1) where:
q is the injection rate l is the length of test section H 0 is the injection pressure r w is the well radius.
Equation (1) assumes that a radial flow occurs near the borehole of the test section and is converted into a spherical flow beyond a distance from the borehole equalling half of the test interval length (l). After the measured outflow converged on a steady value, the recovery test began by stopping the groundwater outflow and letting the hydraulic head return to the initial head, which was analysed using the Horner model in this study.
where: Q p is the injection rate at the injection end-point ∆dp' is the pressure change during one log-period P w is the water density g is the gravity acceleration l is the length of the test section.
A summary of the results of constant pressure injection and recovery tests carried out in an HM-2 borehole is given in Table 1 . The imposed differences between the initial and assigned water pressures in this study are commonly thought to be reasonable in hydraulic tests performed in rock aquifers (Beauheim et al., 2004) . Initial and assigned water pressures refer to the measured zone hydraulic head values and the heads imposed by the hydraulic tests to induce flow, respectively.
RESULTS
Identification of the fractured zones with various log measurements
The fractures along the HM-2 borehole were initially identified using an acoustic borehole televiewer (BHTV) as shown in Fig. 3 , which indicated that the rock penetrated by the borehole is moderately fractured and that there are 2 distinct zones of highly fractured rock. The BHTV logs detected a total of 31 fractures crossing the borehole (Fig. 3) . 17 fractures were 
Figure 3 Acoustic borehole televiewer (BHTV) image of HM-2 borehole
        ) 2 ln( 1 ( 2 1 0 w r l lH q K  l p d g P Q K w p ) ( 183 . 0    http://dx.doi
143
observed as closed fractures, 12 fractures were identified as partially open fractures, and 2 major fractures were shown as wide and permeable fractures. The assumption here is that 'partial' means that the fracture appears wide enough to be open over only part of the extent of the intersection with the borehole. From this result, 5 zones at 1.9 m, 2.9-3.4 m, 3.9-4.8 m, 5.4 m, and 6.9 m in depth below the top of the casing (TOC) were determined as possibly permeable fracture zones. The BHTV method can provide a qualitative indication of the fracture size because the width of the apparent aperture increases as the BHTV image of the fracture becomes darker and wider. It is generally assumed (Keys, 1990 ) that larger apparent fracture apertures on BHTV images are more likely to be permeable. However, the hydraulic activity of such fractures is not absolutely connected to apparent fracture size because there are many large-scale isolated fractures that cannot act as a conductive pathway of the groundwater. Therefore, it is difficult to determine the hydraulic activity of the fractures detected using only BHTV image logging without the verification provided by precise hydraulic tests. Figure 4a shows the results of the groundwater temperature logging in the HM-2 borehole. The temperature gradually decreased at ~4.5 m depth and was constantly maintained down to a depth of ~10 m. If groundwater flows into a borehole at a certain depth, the temperature can instantaneously decrease or increase due to the inflow of outside groundwater with a different temperature. In this study, the abrupt change in temperate gradient at about 4.5 m in Fig. 4a could indicate either inflow or outflow at that depth even though the differential temperature plot in Fig. 4b does not show any significant indication of flow. The electrical conductivity (EC) was also measured along the HM-2 borehole (Fig. 4c) . The EC value suddenly shifts over the zone of 4.6 -4.8 m in depth from TOC ( Fig. 4c and 4d ). This indicates that there is an inflow of groundwater with different electrical conductivity in this interval. The groundwater flow into a borehole can be interpreted from the results of these groundwater temperature and EC logs. Although the two methods can detect permeable fractures by using the difference in physical properties of the groundwater, they may be not effective in situations where the groundwater flows out of the borehole or the incoming water has the same temperature and electrical conductivity as the water in the borehole. Figure 5 shows the estimated densities of the medium along HM-2 obtained from the gamma ray attenuation measured by the gamma-gamma log. The left trace of Fig. 5 is the natural gamma from a passive detector located away from the active gamma source and receiver set on the density probe. Density variations are large on the right-hand-side of Fig. 5 because we use a simple single detector in a 4 pi geometry probe for gamma-gamma logging that is not compensated for borehole wall diameter variations. Density values range from 1.4-3.2 g/ cm 3 and the section of 1.8-1.9 m in depth from TOC had lower 
144
densities than those of other intervals. Low density corresponds with high porosity of a geologic medium, which can be used to identify the highly fractured zones in rock aquifers. The density measurement is affected by borehole-diameter variation, but this effect was ignored in this study because the HM-2 borehole has a nearly constant 7.6 cm diameter. The gamma rays detected by the density probe consist of radiation returning from the gamma source and natural background radiation emitted from the rocks penetrated by the borehole. Unless the natural gamma rays are excluded from the total gamma count in zones with relatively high gamma activity such as pegmatite, the actual medium density can be underestimated. Therefore, the 1.8-1.9 m zone, which has both lower density and low natural gamma activity, is considered a possible fractured zone.
The self-potential measurements in the HM-2 borehole are shown in Fig. 6 . The first ~1 m of the self-potential log data are not shown here because metallic casing disturbed the measurements in that interval. Only the measurements made below the bottom of the steel casing are discussed in this study. Two significant self-potential variations are observed: one at 4.8 m and a second one at 8.4-8.5 m (Fig. 6b) . At 4.8 m in depth the variation in self-potential signal is the greatest, consistent with the results from the BHTV and fluid electrical conductivity logs which indicated possibly permeable fractures at that depth. This variation also correlates with the temperature log which indicated an unexpected change in gradient just above 4.8 m. Because there is no transition of rock mineral material generating a potential signal and no change of borehole-diameter in the HM-2 borehole, the 4.8 m depth can be considered a hydraulically-active fracture zone where groundwater having the same temperature and different electrical conductivity flows into the borehole. The other variation of self-potential at 8.4 m in depth is not associated with any changes in temperature, fluid electrical conductivity, and gamma-gamma logs. Although a single fracture at a similar location is detected by the acoustic borehole televiewer image log, it might be regarded as a closed fracture because there are no fracture flow indications on the temperature and EC logs. However, the 8.4 m depth is also a candidate for the location of a permeable fracture where the groundwater flows out from the borehole into the rock aquifer. The SP log indicates the presence of flow, and outflow would not produce any obvious indication on the EC log profile. Correlation between the SP signal and the presence of a hydraulically-active fracture is confirmed by the constant pressure injection and recovery tests. Figure 7 summarises the candidates determined to be potentially permeable fractures using the various logging methods presented in this study. The number and location of the fractures detected by each method were generally different. These differences occur because the properties measured by each logging method are different. In the BHTV analysis, a fracture zone is identified by directly observing the presence of fractures using the scattering of an acoustic pulse. The gamma-gamma logging measures the density of fractured rock aquifers, which may be affected by the lithological heterogeneity as well as the spatial distribution of the fractures. In the HM-2 borehole, the quartz and calcite veins are sparsely located over 0.6 ~ 9.88 m depth from TOC, which can influence the results of the gamma-gamma log. The groundwater temperature and electrical conductivity logs are then used to evaluate the physical property of the groundwater, and can identify the permeable fractures where groundwater inflow occurs from surrounding fracture aquifers into the borehole. In this study, these measurements were performed in the natural gradient condition without an imposed artificial stress, and thus they have limitations in identifying permeable fractures where the groundwater outflow occurs from the borehole, or where active flow is only generated by pumping. Of these methods, only the self-potential log measures the electrical potential caused by the groundwater movement itself, which can be an effective tool for detecting the hydraulically-active fractures regardless of the flow direction and physical properties of the water. 145
Determination of the hydraulically-active fractures
Constant pressure injection and recovery tests were conducted using a double packer system for 3 isolated zones in the HM-2 borehole, and the results were analysed using the Moye and Horner model. Table 1 shows the estimated hydraulic conductivities from the hydraulic test results. Figure 8 shows the recovery of hydraulic head as a function of test time after finishing each pressure injection. From the results of constant pressure injection and recovery tests, the hydraulic conductivity for the first zone of 1.0 ~ 4.0 m depth from TOC is calculated as 3.14×10 -11 m/s using the Horner model, but cannot be measured using a Moye model because it was impossible to inject a measureable amount of water. This low value of hydraulic conductivity indicates that the depth interval of 1.0 ~ 4.0 m from TOC may be impermeable and thus this zone does not contain any permeable fractures. The low permeability of this interval can be evaluated by monitoring the recovery after increasing head in the injection interval. As shown in Fig. 8a , the increased head of the first zone in the HM-2 borehole under constant pressure injection slowly decreases during the initial recovery phase. This means that there is little permeable fracture space for the release of the increased pressure. We know from the hydraulic test results that although several apparently open fractures are observed by the BHTV logging in the 1.0 m to 4.0 m interval, they do not contribute to the groundwater flow. The possibly highly fractured zone of 1.8 -1.9 m identified by gamma-gamma logging is also regarded as an impermeable fracture that cannot yield groundwater flow. The very small variation of SP signal in the 1.0 ~ 4.0 m depth interval likewise suggests that there is little groundwater flow, which corresponds to the hydraulic testing results indicating low permeability and slow recovery of pressure head.
The hydraulic conductivity of the second zone (4.0 -7.0 m) varies from 5.92×10 -7 to 6.10×10 -7 m/s, indicating that the significant groundwater flow occurs through highly permeable fractures in this section. Unlike the case of the first zone, a rapid recovery of hydraulic head is shown after initial application of pressure for the second zone (Fig. 8b) . This steep slope remains steady throughout the recovery graph during total elapsed time after finishing the pressure injection, which means that the increased pressure inside the borehole is efficiently propagated through the fracture flow pathway extending away from the borehole. In other words, the fracture located in the second zone is well connected to the surrounding fracture network as well as hydraulically active in the vicinity of the borehole. In the second zone, an apparently permeable fracture is detected at the same location by the BHTV, EC, and SP log methods, and the abrupt change in thermal gradient at this depth could also indicate flow on the temperature log. However, 
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there is no detectable variation in the differential temperature and gamma-gamma measurements. Thus, the fracture located at a depth of 4.8 m is confirmed as a hydraulically-active fracture, where groundwater having the same temperature as the fluid column and different EC flows into the HM-2 borehole.
The hydraulic conductivities at the 7.0 ~ 10.0 m depth from TOC (third zone) are calculated as 4.27×10 -8 and 2.34×10 -8 m/s using the Moye and Horner model, respectively. These values represent a typical permeability value for fractured-rock aquifers, which suggests that the groundwater is flowing moderately through permeable fractures as in the second zone. At the initial time stage, the fast recovery behaviour of the third zone is similar to that of the second zone (Fig. 8c) . But, the recovery of pressure head becomes slower indicating reduced permeability at greater distance from the borehole when compared to the steady pressure decline of the second zone at a later time stage. The 8.5 m fracture zone is determined to be locally permeable and connected to the outside rock fracture system. It clearly cannot be isolated because it serves as an outlet for the flow coming down from the inflow zone at 4.8 m. The straddle packer test data in Fig. 8 show that the water injected at section of 7-10 m flows into the surrounding rock formation, which confirms that the 8.5 m fracture zone serves as an outlet for ambient flow. In other words, this zone is not a dead-end fracture formed in the drilling process and is a hydraulically-active fracture conducting groundwater flow. In the BHTV logging, fractures interpreted as open are not observed in the 7.0 ~ 10.0 m interval and only several apparently closed fractures are identified. This would mean that the third zone is impermeable and cannot conduct groundwater flow, which does not correspond to the results of the hydraulic tests for this zone. No other logging methods, including the temperature, EC, and gamma-gamma, indicate permeable fractures for the 7.0 ~ 10.0 m zone. Only the self-potential measurement shows the apparent variation of signal at 8.4 ~ 8.5 m depth from TOC, which indicates the occurrence of a groundwater flow at this depth. In the third zone (7.0 ~ 10.0 m), a permeable fracture at 8.4 ~ 8.5 m in depth can be recognised as a minor permeable zone by the SP logging and its presence is verified by the constant pressure injection and recovery tests.
Thus, the permeable fracture zones identified by various logging methods and hydraulic tests consist of 2 locations with depths from TOC at 4.8 ~ 4.9 m and 8.4 ~ 8.5 m in the HM-2 borehole. Overall, the fracture characterisation by the self-potential (SP) logging method was found to show the best correlation with the hydraulic results from constant pressure injection and recovery tests, which made it possible to determine the identity of hydraulically-active fractures. Moreover, there is a positive correlation between the degree of SP variation and the hydraulic conductivity, because the intensity of potential is closely related to the speed of the flow. This indicates that the SP method can provide a semi-quantitative estimate of the hydraulic conductivity of fractures as well as the depth of those permeable fractures.
DISCUSSION
The permeable fracture located at a depth of 4.8 m in the HM-2 borehole is clearly an inflow zone because a shift in electrical conductivity, interpreted as the result of inflow to the borehole, is observed at that point, as shown in Fig. 4c . In contrast, the 8.5 m fracture is interpreted as a permeable zone where the groundwater within the borehole flows out into the rock formation, even though there is no variation in electrical conductivity and temperature at that depth, because there is a significant self-potential variation indicating groundwater movement. The bottom of the borehole cannot serve as an outflow zone, which implies that a second permeable fracture zone at 8.5 m must serve as an outlet point for the inflow zone identified in Fig.  4c . In this condition, the ambient flow coming down from the inflow zone at 4.8 m is driven by naturally-occurring hydraulic head conditions. The formation of the borehole flow inversion, the vertical ambient flow from the 4.8 m fracture as inlet to the 8.5 m fracture as outlet, can be verified by the head differences identified using the straddle packer tests in this study. The hydraulic head of the second zone, including the 4.8 m permeable fracture, and the third zone including the 8.5 m permeable fracture, are given as 11.8 m and 8.6 m under this static condition, respectively. Reference for the head values was top of casing, namely, tunnel floor. Hydraulic heads were formed at depth above TOC, tunnel floor. This head difference drives the ambient vertical flow regime, which corresponds the role of 2 permeable fractures as inflow and outflow zones as mentioned above. This hydraulic test result closely agrees with the self-potential interpretation. The ongoing borehole flow occurring between the first permeable fracture at 4.8 m and second permeable fracture at 8.5 m causes the self-potential signal between the inflow and outflow depths. However, these variations in the self-potential signal by vertical ambient flow within the borehole are much smaller than those by in-and outflows at permeable fractures, indicating that these two large self-potential responses are due to water flowing along the fracture planes and across the borehole at the inflow and outflow depths. and reported that the self-potential signals depend on rock type or clay type and its amount. We recognise the abovementioned relationship between lithologic changes and self-potential responses. But these various lithologic effects were not considered relevant in this study because there was no transition of rock mineral material generating a potential signal along the test borehole. In this study, although we only focused on the relation between the permeability of fracture and self-potential signals in limited homogeneous granite rock, we think that it would be important to evaluate various lithologic effects on self-potential responses along boreholes located in a heterogeneous rock environment.
We also note that there are some high-resolution methods for identifying fracture flow in boreholes, such as dilution or tracer logging and heat pulse or electromagnetic flow meters, that were not used in this study. Maurice et al. (2011; 2012) conducted the single borehole dilution logging tests under natural head conditions as a simple and cheap method of identifying vertical flow within boreholes and determining the location of in-, out-or cross-flowing fractures. Kim and Lee (2002) proposed an effective method for locating transmissive fractures using semi-analytical solutions and results from natural gradient well-to-well tracer logging tests in a fractured rock aquifer. Klepikova et al. (2011) proposed a methodology for using heat-pulse flow meter measurements under ambient and pumping conditions to estimate the location or hydraulic properties of fractures. Pehme et al. (2010; 2014) measured the fine scale fluctuations of the thermal gradient and compared his results to measurements made using the heat pulse flowmeter, demonstrating superior results compared to conventional temperature profile analysis, thereby enhancing the characterisation of permeable fracture and groundwater flow in fractured rock. Paillet (2004) describes heat-pulse and electromagnetic flow meter applications in irregular or large-diameter boreholes in detecting conductive fractures, and Rosenberry and Morin (2004) investigated temporal variability of seepage flow using an electromagnetic flow meter. Future combination of these high-resolution hydrogeophysical approaches and the SP logging method could provide for even more accurate characterisation of hydraulic activity, conductivity and fracture zone geometry in fractured bedrock aquifers.
CONCLUSIONS
After identifying possibly permeable fractures with various logging methods, the results of precise hydraulic tests were used to verify the hydraulic properties of the various fractures detected by the BHTV, temperature, fluid electrical conductivity, gamma-gamma, and self-potential logs. Evaluation of the differences between the fracture sets identified by various methods suggests there are limitations to these conventional geophysical logs, except for the SP method, in detecting hydraulically-active fractures. Although the BHTV log detects most fractures located in the borehole, this method cannot evaluate the hydraulic activity of the observed fractures. The accuracy of gamma-gamma logging decreases when there is significant lithological heterogeneity. The temperature and EC logs have limitations in detecting the fractured locations where groundwater in the borehole flows out into the surrounding formation or where groundwater having the same physical property flows into the borehole. Self-potential logging can effectively detect permeable fractures through a simple procedure involving inexpensive equipment. Moreover, the SP method can provide potentially significant criteria for a quantitative characterisation of the hydraulic activity of permeable fractures, because the groundwater flow velocity is closely related to the degree of SP signal variation. Further research will focus on testing and exploring the quantitative validity of the predictions inferred from the self-potential measurements and developing comprehensive numerical models for the selfpotential response for laminar flow in fractured media.
